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Sensitivity of resistance of cold-formed steel tubular columns 
to elevated temperature mechanical properties
M. Imran, M. Mahendran & P. Keerthan
Queensland University of Technology (QUT), Brisbane, Australia
ABSTRACT: This paper presents an experimental investigation undertaken to measure the 
elevated temperature mechanical properties of cold-formed steel tubular sections. Tensile coupon 
tests at temperatures ranging from 20ºC to 800ºC were conducted to determine the reduced values 
of elastic modulus, yield strength and ultimate strengths with increasing temperatures. Based on 
the test results, suitable equations were proposed to determine the mechanical property reduction 
factors at elevated temperatures. These reduction factors along with the factors given in the cur-
rent design codes were then used in the numerical modelling of stub columns to determine their 
failure loads at various elevated temperatures. The failure loads predicted using the reduction fac-
tors in the current design codes resulted in unacceptable differences compared to the proposed, 
more accurate reduction factors. This shows the importance of using the measured mechanical 
property reduction factors in the fire design of cold-formed steel tubular sections.
1 INTRODUCTION
Mechanical properties of steel sections decrease rapidly during fire events due to increased 
exposure to elevated temperatures. This phenomenon results in a loss of load carrying capac-
ity of steel sections. Hence, a good knowledge of the deterioration characteristics of steel 
sections is vital. BS5950 Part 8, Eurocode 3 Part 1.2, AS4100 and ANSI/AISC-360 pro-
vide reduction factors and predictive equations for elevated temperature mechanical prop-
erties. But they are mainly proposed for hot-rolled steels. Nevertheless, these codes allow 
using those factors and equations for cold-formed steels disregarding the fact that mechani-
cal property degradation of cold-formed steels is different from hot-rolled steels (Sidey & 
Teague, 1988). In recent times, Mecozzi & Zhao (2005), Chen & Young (2006 & 2007), 
Kankanamge & Mahendran (2011), Balarupan (2015) and McCann et al. (2015) have investi-
gated the mechanical properties of cold-formed steels at elevated temperatures and proposed 
suitable reduction factors and design equations.
The mechanical properties of steels experience drastic changes when these steels are cold-
worked to produce the required sections. Properties such as yield strength and elastic modulus 
change due to the cold-working process and additional residual stresses are produced in the 
final cold-formed section. This phenomenon results in a different rate of decrease of material 
properties at high temperatures depending on the shape and cold-working process. Hence, 
it is reasonable to expect a different reduction in mechanical properties for varying types of 
cold-formed steel sections. Comprehensive experimental investigations aimed at determining 
the mechanical property degradation of cold-formed tubular sections are scarce. Hence in 
this research, an experimental study was undertaken to determine the mechanical properties 
of cold-formed tubular steel sections at elevated temperatures up to 800°C. Tensile coupons 
extracted from Grade 350 Square Hollow Sections (SHS), Rectangular Hollow Sections 
(RHS) and Circular Hollow Sections (CHS) were tested. From these test results, elevated tem-
perature mechanical property reduction factors for yield strength, elastic modulus, and ulti-
mate strength are proposed. Finally, a numerical investigation was conducted to determine the 
failure load of stub columns at elevated temperatures using the mechanical property reduction 
factors given in design codes and those proposed in this paper.
22 EXPERIMENTAL INVESTIGATION
2.1 Test method
Steady state test method was used in this study where an unloaded tensile coupon is heated 
to a pre-defined target temperature and then loaded until failure. Steady state tests are easier 
to conduct and directly provide stress-strain data for advanced numerical modelling tasks. In 
this experimental study, tensile tests were conducted on coupons extracted from the following 
cold-formed tubular sections:
• SHS 100 × 100 × 2 (SHS-2)
• SHS 100 × 100 × 3 (SHS-3)
• RHS 100 × 50 × 2 (RHS)
• CHS 114 × 3.5 (CHS)
The pre-defined target temperatures of tensile tests ranged from ambient temperature to
800°C. Tests were conducted at 50°C increments in the range of 400°C to 700°C and 100°C 
increments in other temperature ranges. However, tests were not conducted at 100°C because 
of the understanding that no considerable amount of reduction would occur at such a low 
temperature. Three tests were conducted for each temperature except for 800°C, where only 
one coupon was tested. Average of these test results was considered when determining the 
mechanical properties at a given temperature.
2.2 Test specimen
Tensile coupons were cut in the longitudinal direction of the cold-formed tubular sections in 
accordance with AS 1391 and AS 2291 (see Figure 1). It was noticed that extracted coupons 
were curved in the longitudinal direction due to the induced residual stresses. Gardner & Neth-
ercot (2004) and Nassirnia et al. (2016) observed similar phenomenon while Gardner & Neth-
ercot (2004) recommended testing these coupons as it is and not to model the flexural residual 
stresses in FE modelling. Therefore, the tensile coupons extracted from SHS and RHS were 
not straightened in the longitudinal direction. However, the coupons extracted from CHS sec-
tions had a curvature in the transverse direction due to their section radius. BSI (2009) and 
ASTM (2013) standards state that the curved coupons can be flattened at the ends for gripping 
Figure 1. Tensile coupon dimensions.
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3purposes. Hence, coupons extracted from CHS sections were flattened at both ends to facilitate 
gripping at these ends (see Figure 1b). It was assumed that flattening of both ends would not 
cause any eccentricity and additional bending because of relatively large radius of the CHS 
coupon. A hole was provided at each end of the tensile coupon in order to clamp it to the top 
and bottom loading shafts using M16 bolts. Figures 1a and 1b show the dimensions of tensile 
coupons taken from SHS/RHS and CHS sections, respectively. The coating of each specimen 
was removed using a commercially available paint remover. The coupon’s width and thickness 
within the gauge length were measured at three points using a Vernier caliper. Average values of 
these measurements were used in the mechanical property calculations.
2.3 Test setup and procedure
Ambient and elevated temperature tensile coupons were tested in the QUT-Banyo Pilot Plant 
Precinct, using a combined test setup which consists of an Instron testing machine, electric 
furnace, heat control unit and a high temperature rod type extensometer (see Figure 2). The 
Instron testing machine has a maximum capacity of 100 kN. The electric furnace with a maxi-
mum functional temperature of 1000°C consisted of three independently controllable heating 
zones and the temperature of these zones can be regulated using the heat control unit. A high 
temperature resisting rod type extensometer (Manufactured by Epsilon) with a gauge length of 
50 mm is mounted to the furnace and was used to measure the strains of the tensile coupons. 
The Bluehill software was used to support and control data acquisition from the testing unit.
The tensile testing procedure consisted of three distinct stages: (i) mounting the speci-
men and obtaining the ambient temperature elastic modulus, (ii) Heating stage, (iii) loading 
stage. In the first stage, the tensile coupon was mounted in the test apparatus and a preload 
of approximately 250 N was applied to the coupon. Then the two rods of the extensometer 
Figure 2. Tensile test setup.
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4were connected to the tensile coupon in the perpendicular direction and the tensile coupon 
was loaded at a displacement rate of 1 mm/min (AS1391 and AS2291) up to 60% of expected 
yield load and unloaded. This procedure was used three times and the elastic modulus was 
calculated for each step and ensured that all three values are within range of 5% of the nomi-
nal value of 210 GPa. Coupon position or extensometer rod location was adjusted appropri-
ately and repeated if  a larger deviation in elastic modulus was observed. The sole aim of this 
procedure was to remove any misalignment and to obtain the ambient temperature elastic 
modulus of the coupon.
In the heating stage, the extensometer was removed from the specimen and the furnace 
was closed to start the heating to achieve the target temperature. A rod type thermal sensor 
was used to measure the temperature of the coupon to ensure that the target temperature was 
achieved. Then the coupon was allowed to remain for about 15 minutes to ensure a uniform 
temperature was reached within the coupon. Further, it was ensured that the coupon was 
under a load between 200–300 N during this stage to encounter the upward movement caused 
by thermal expansion. In the loading stage, the extensometer rods were connected again to the 
specimen with a frictional force of 3–4 N. Then the tensile load was applied at a displacement 
rate of 1 mm/min (AS1391 and AS2291) until the failure of the coupon. Load and strain data 
were collected using the Bluehill software.
2.4 Results and discussion
2.4.1 Yield strength
The yield strengths of all the coupons were determined based on the 0.2% proof stress method 
since all the stress-strain curves were gradually yielding curves. Using these results, a reduc-
tion factor was obtained for each elevated temperature (T) with respect to the ambient tem-
perature yield strength. These reduction factors for yield strength are shown in Table 1 and 
plotted in Figure 3a. In general, all four sections displayed a similar behavior with increasing 
temperature irrespective of shape and thickness of the section. It can be noticed that the yield 
strength reduction factors are high (less reduction) up to 300°C and tend to decrease rapidly 
for temperatures above 300°C.
2.4.2 Elastic modulus
In this study, the elastic modulus of  ambient temperature coupons was obtained based 
on both strain gauge measurements and extensometer readings. However, elastic modulus 
values obtained from these methods varied to some extent. This variation in extensometer 
readings was caused by the fact that the extensometer only measured the strain difference 
on one side of  the coupon, whereas in strain gauges, an average of  both sides strain meas-
urements was considered. Therefore, it was decided to obtain the ambient temperature 
Table 1. Mechanical property reduction factors.
Temperature 
(°C)
Yield strength Elastic modulus Ultimate strength
SHS-2 SHS-3 RHS CHS SHS-2 SHS-3 RHS CHS SHS-2 SHS-3 RHS CHS
Ambient 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
200 0.95 0.92 0.99 0.96 0.97 0.95 0.97 0.97 1.13 1.07 1.08 1.08
300 0.94 0.89 0.96 0.96 0.93 0.92 0.91 0.90 1.09 1.15 1.13 1.18
400 0.77 0.79 0.81 0.80 0.83 0.84 0.83 0.84 0.79 0.90 0.80 0.79
450 0.68 0.71 0.73 0.70 0.74 0.72 0.74 0.70 0.65 0.70 0.68 0.66
500 0.54 0.58 0.57 0.59 0.61 0.62 0.60 0.60 0.49 0.57 0.52 0.51
550 0.45 0.45 0.44 0.45 0.51 0.52 0.52 0.49 0.41 0.42 0.40 0.36
600 0.34 0.35 0.33 0.34 0.44 0.44 0.47 0.43 0.30 0.32 0.30 0.28
650 0.29 0.27 0.24 0.25 0.31 0.27 0.29 0.30 0.25 0.25 0.21 0.21
700 0.19 0.16 0.13 0.15 0.22 0.21 0.21 0.21 0.17 0.15 0.12 0.12
800 0.08 0.08 0.07 0.08 0.13 0.12 0.09 0.12 0.07 0.09 0.07 0.08
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5elastic modulus using strain gauge measurements (Es,20). For elevated temperature coupons, 
the elastic modulus at ambient temperature (Ee,20) was obtained using the extensometer 
prior to the heating process in each elevated temperature test and the elastic modulus at a 
particular temperature (Ee,T) was determined after the test using the extensometer readings. 
Based on these, elastic modulus reduction factor for a particular temperature was deter-
mined as 
E
E
e T
e
,
,
.
20  Finally true elastic modulus at elevated temperature was obtained using the 
ambient temperature elastic modulus (Es,20) and the elevated temperature reduction factor E
E
e T
e
,
,
.
20( )  Errors that can be caused by the individual coupon’s characteristics can be mitigated
by using this approach because particular coupon’s both elevated and ambient temperature 
elastic moduli are considered. The elastic modulus reduction factors with increasing tem-
perature are shown in Table 1 and are plotted in Figure 3b. All the tubular sections depict 
a similar behavior with increasing temperature. Less degradation in elastic modulus is 
observed for temperatures below 300°C and beyond which a rapid degradation is observed.
Figure 3. Variation of reduction factors with temperature.
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62.4.3 Ultimate strength
The highest point of a stress-strain curve was taken as the ultimate strength for a particular 
specimen. The ultimate strength reduction factors were calculated with respect to the ambi-
ent temperature ultimate strength and are presented in Table 1. As shown in Figure 3c the 
elevated temperature ultimate strength is higher than the ambient temperature strength up to 
300°C. SHS-2 section exhibits a maximum of 13% increment at 200°C while other sections 
display their maximum ultimate strength at 300°C. For temperatures above 300°C, all the 
sections display a similar decreasing trend with temperature. In addition, a higher reduction 
is observed for ultimate strength than for yield strength at temperatures beyond 450°C.
2.5 Predictive equations
Detailed comparisons of mechanical property reduction factors obtained from tests with 
those given in design codes and proposals made by previous researchers suggested that none 
of the codes or proposals of previous researchers provides a better prediction for the elevated 
temperature mechanical property degradation of cold-formed steel sections (Imran, 2016). 
Therefore new equations (Equations 1 to 4) are proposed in this study to determine the yield 
strength, elastic modulus, and ultimate strength reduction factors of cold-formed steel tubu-
lar members at elevated temperatures (T).
For Yield strength:
f
f
e
y T
y
T
, . .20 105
1
0 992 0 0063
=
×+ (1)
For Elastic Modulus:
E
E
e
T
y
T
, . .20 114
1
0 991 0 0075
=
×+ (2)
For Ultimate strength:
For T < 300°C,
f
f
e
u T
u
T
,
, . .20 250
1
1 065 0 006
=
×− (3)
For T > 300°C,
f
f
e
u T
u
T
,
, . .20 128
1
0 595 0 0026
=
×− (4)
3 NUMERICAL INVESTIGATION
3.1 General
A numerical investigation was performed using ABAQUS/CAE in this study to determine 
the effects of temperature on the axial compressive failure load of short SHS columns. The 
finite element (FE) model was developed to complement the ongoing experimental investi-
gation, which consisted of SHS 100 × 100 × 2 mm stub columns with a height of 300 mm. 
Upon validation of the model, the elevated temperature mechanical properties based on 
Equations 1 to 4 of this paper were used to determine the failure loads of stub columns at 
elevated temperatures. The results were then compared with the failure loads obtained using 
the mechanical property factors given in the current design codes.
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73.2 Finite element model
The SHS stub columns were modelled using four node doubly curved shell element (S4R) 
with reduced integration and hourglass control. Isotropic metal plasticity model available in 
ABAQUS was used to simulate the material behavior of steel. As shown in Figure  4a, the 
column was meshed using 4 × 4 mm in the flat regions and 4 × 2 mm in the corner regions. All 
the peripheral nodes of the SHS column were constrained to reference points using multiple 
point constrains (MPC) and the boundary conditions were assigned to these reference points 
(see Figure 4b). All the rotational and translational degrees of freedom of the bottom and top 
reference points were made fixed except the vertical translation of the top reference point. The 
top vertical movement was made free to simulate the actual displacement control test setup. 
Initially, a buckling analysis was performed to predict the buckling mode of the column 
followed by nonlinear analysis to determine the failure load using modified Riks method. In 
the nonlinear analysis, initial local geometric imperfections were included as per the recom-
mendation of Schafer & Pekoz (1998) to achieve a better accuracy.
3.3 Validation of FE model
The results obtained from the finite element analysis using the ambient temperature mechan-
ical properties were compared with the results from the ongoing experimental study.
In the current experimental study, the same SHS column failed at 169 kN exhibiting local 
buckling failure. As shown in Figure 5 very good agreement in FE model failure load predic-
tion can be observed where the FE model predicted the failure load of the SHS column as 
169 kN. In addition, the failure mode of the FE model is similar to the observed experimental 
failure mode (see Figure 6). Therefore, it was concluded that the developed FE model is capa-
ble of simulating the experimental failure load and mode.
Figure 4. FE model of short SHS column.
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83.4 Parametric study
The FE model of SHS column validated at ambient temperature was then used to determine 
the failure loads of SHS short columns at elevated temperatures. For this purpose, appropri-
ate elevated temperature mechanical properties based on Equations 1 to 4 were used. This 
modelling approach is suitable as it resembles the steady-state elevated temperature tests.
Table  2 shows the variation of predicted failure loads at a given temperature obtained 
using the proposed mechanical property reduction factors. As expected the failure load 
decreases with increasing temperature, which is similar to the variation of yield strength 
and elastic modulus. Then the mechanical property reduction factors given in the current 
design codes were used with the FE models of SHS columns at elevated temperatures. The 
failure loads obtained in this case are also shown in Table 2. The failure loads predicted using 
the mechanical property reduction factors given in EC3 shows a reasonable agreement with 
those predicted based on Equations 1 to 4. However, even it shows a maximum of 25% devia-
tion. On the other hand, AS 4100 and ANSI/AISC 360-10 show their inability to predict the 
failure loads of cold-formed steel tubular members where both design codes display a higher 
variation for temperatures beyond 550°C.
These comparisons clearly demonstrate the inability of the current design codes in predict-
ing the failure loads of cold-formed steel tubular members at elevated temperatures due to the 
inaccurate mechanical property reduction factors. It must be noted that in most cases all these 
Figure 5. Variation of load vs axial displacement.
Figure 6. Experimental and numerical failure modes.
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9design codes over predicted the failure loads. Thus it shows the importance of using accurate 
mechanical property reduction factors in the fire design of cold-formed steel tubular members.
4 CONCLUSIONS
This paper has presented the details of  a research project involving both experimental 
and numerical studies undertaken to emphasize the importance of  elevated temperature 
mechanical properties in the fire design of  cold-formed steel tubular members. The experi-
mental study was used to examine the mechanical properties of  cold-formed steel tubular 
sections at elevated temperatures. The investigation included tensile coupon tests carried 
out on SHS, RHS and CHS sections at temperatures ranging from ambient to 800°C. The 
yield strength, elastic modulus and ultimate strength were obtained from each test and suit-
able equations were proposed to predict the elevated temperature reduction factors of  yield 
strength, elastic modulus, and ultimate strength. Then these proposed reduction factors 
along with those given in the current design codes were used in finite element modelling 
to predict the failure loads of  SHS short columns at elevated temperatures in the range of 
200 to 800°C. Finite element analysis results showed that AS 4100 and ANSI/AISC 360–10 
provided unacceptable differences (over predictions up to 163%) while the variations using 
the EC3 was modest and resulted in a maximum variation of  25%. Overall, the numerical 
investigation shows that none of  the design codes were able to accurately predict the failure 
loads of  SHS columns at elevated temperatures and emphasizes the importance of  using 
accurate mechanical property reduction factors based on detailed experimental investiga-
tions for accurate fire design of  cold-formed steel tubular sections.
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